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Annual Report (1 December 1987)

AFOSR-87-0119 (Stephen R. Leone)

Research ObJectives

Work is continuing on the investigation of Ga and As desorption,

scattering, sticking, and epitaxial growth on well-characterized silicon (100)

single crystals. Laser, state-resolved probing is utilized to detect the

individual states of the atoms and molecules of the gas phase species. In the

last six months, measurements have been made on the following: (1) the binding

energy of Ga on Si(100) by isothermal and temperature programmed desorption

under conditions of varying coverage, (2) determination of the kinetic pre-

exponential factor for Ga desorption, which indicates a one-dimensional

mobility of the Ga on Si(IOO) at certain coverages, (3) investigation of the

individual spin-orbit states in desorption, which show that a rapid

equilibrium occurs between the spin-orbit states in the desorption process,

(4) development of a model to describe accurately a general two-state

desorption problem and to elucidate the influence oT the second state on the

desorption parameters, and (5) measurement of the Ga overlayer structures on

Si(100) using LEED, which shows the patterns of structures and the ordered

nature of the adsorption up to one monolayer. One paper is published, one

more submitted, and several more In preparation.

Status of Research

Our approach is unique in that we use a laser to probe the densities of
[-3

such species as Ga and As atoms and As2 dimers as they scatter or desorb from

the surface.

We have performed several kinds of experiments for Ga atoms interacting

with a well-characterized Si(100) 2 x 1 reconstructed single crystal, In one

kind of experiment, a Ga beam is exposed on the cold Si surface until a
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certain coverage is achieved. The surface temperature is increased, and the

laser probes the desorption of the Ga atoms. From these temperature

programmed desorption studies we determine that the Ga desorbs with first

order kinetics under low coverage. At higher coverages a zero order

desorption occurs to lower temperature as Ga-Ga interactions on the surface

start to be important.

The distinct point at which the monolayer changes over to a multilayer

type of interaction can be correlated with the Auger and LEED data which we

have taken. We find that the monolayer coverage corresponds to a zone from

zero coverage to a coverage where all of the Si sites are occupied.

Additional Ga then drastically changes the interaction. The LEED patterns

(see below) show evidence that at coverages of about one monolayer, the Ga

atoms most likely cause the Si, which is normally a double row structure of Si

dimers, to open up and form a 1 x 1 pattern. The Auger data confirm that this

is also the point when the Si surface is fully covered. We have observed all

of the LEED structures up to one monolayer and have developed a model for the

overlayer growth (Fig. 1). At low coverages, the Ga most likely occupies

sites between the double rows of silicon atoms, forming bonds to two "dangling

bonds" from silicon atoms and possibly dimerizing with neighboring Ga atoms.

At high coverages of many monolayers, we have evidence for island formation.

Specially stable structures occur at exactly one-half and one monolayer

coverage. The persistent 8 x I pattern can be explained by the size of the

covalent radii of Ga and Si, which are mismatched by just 7 Ga to 8 Si atoms.

Another type of experiment is used to make accurate determinations of the

binding energy of the Ga atoms. The surface is left at a fixed temperature

and is exposed to the Ga beam. The isothermal desorption of Ga atoms under
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low coverage is then measured with the laser by stopping the beam with a flag

and watching the decay of the flux. A series of measurements are taken at

different surface temperatures and an Arrhenius plot is made to extract both

the desorption energy and the pre-exponential factor. Our results find that

Ga is bound to Si(100) by 66 kcal mole -1 , or 2.9 eV (K. Carleton). The

observed pre-exponential factor is 6 x 101 s- I . The strong binding energy

has not been anticipated and has important consequences as a reason why both

Ga and As can bind initially to the Si surface, thereby creating antiphase

domains.

'The pre-exponential factor is perhaps an even more exciting result. If

4 an atom is completely mobile on the surface, then the desorption to the gas

phase gains one more degree of freedom and leads to a theoretical pre-

V.1
. exponential factor of kT/h, or 2 x 101 3 s- I  If the atom is rigidly bound to

one site on the surface (immobile), then the pre-exponential factor is 1 X

1016 s-I Our value gives strong evidence that the Ga atom is mobile only in

one dimension on the Si(100) 2 x 1 surface at low coverages. An explanation

is that the atom Is mobile along the double rows of the silicon atoms, but

cannot cross between the rows. Such a result is important in the epitaxial

growth, where atoms have to be mobile enough on the surface to locate the

growing edge site and bind there.

The binding energy has also been measured at higher coverages and is

observed to change dramatically at special points. For the region of coverage

between 0.5 and 1 monolayer, the binding energy is 2.3 eV and the pre-

exponential factor changes to 8 x 12±10 2 " . For very high coverages where

islands, or liquid drops, are suspected, the zero order kinetics gives a

binding energy of 2.6 eV.
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Figure 2 shows the Ga:Si Auger peak ratio as a function of deposition and

temperature. The sharp breaks are evidence for the formation of Ga islands

above a certain coverage. At room temperature, the Ga can be deposited in

duniform layers indefinitely. However, at 600C, it can be seen that islands

begin to form above 2.5 monolayers. At 330°C, islands form above 1 monolayer.

By correlating the LEED structures with the measurements of the binding

energies, a complete picture of the Ga binding to Si has been achieved. It

should be noted that our results differ from those of L. Feldman at AT&T

Laboratories, in that he suggests the fundamental Ga binding energy is 2.2

eV. We find it is 2.9 eV at low coverages and 2.3 eV at -0.5-1.0 monolayer.

We believe that our much more careful analysis and the correlation to the LEED

structures will stand the test of time. This work is in preparation for

Surface Science (2 papers B. Bourguignon, R. Smilgys, K. Carleton).

Other results from our studies have found that a portion of the Ga goes

* into the bulk of the silicon and can be driven out only by very high

temperatures. This state is currently under further investigation. In

addition, from the isothermal scattering experiments, the sticking coefficient

of Ga on Si is measured to be between 0.9 and unity at typical growth

temperatures. We plan to make further measurements of this parameter.

Finally, we have explored the difference in binding of the two spin orbit

-states of Ga. Surprisingly, the two states desorb with identical energies.

This result prompted us to consider the dynamics of a two state atom when it

leaves the surface. The results we observe are consistent with a model in

which the two spin orbit states are in equilibrium at the last moment before

desorption. The 2.5 kcal mole -1 splitting of the spin orbit states causes the

a' lower state (2P1.2 ) to desorb with a higher rate. The depletion of this level

is repopulated by the excess population in the upper P3/ 2 state. Thus the

04
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two atoms are "coupled" together in terms of their desorption dynamics. The

population ratio, however, is a sensitive function of the energy of the

splitting and any barriers to desorption for one or both atoms. This work has

been submitted to Surface Science (K. Carleton, B. Bourguignon).

Professional Interactions

Talks
(S. Leone)

"Laser probing of gallium atom interactions with Silicon(100) surfaces,"
14th Conference on the Physics and Chemistry of Semiconductor
Interfaces, Jan. 1987 Salt Lake City, Utah.

"Laser probing of state-selected dynamics in the gas phase and on
surfaces," University of California, Santa Barbara, California,
April 1987.

(K. Carleton)
"Laser probing of gallium spin orbit state desorption and scattering
from silicon(100) surfaces," Industry - University Advanced Materials
Conference, Denver, Colorado, February 1987.

"Laser probing of gallium atom interactions with silicon," Colorado State
University, Fort Collins, Colorado, December 1987.

(B. Bourguignon)
"Spin-orbit state selected detection of gallium desorbing from Si(100),"
Gordon Conf. on the Dynamics of Gas-Surface Interactions (poster),
August 1987, New Hampshire
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